abstract: Perennial bioenergy grass crops, despite a relatively similar production of aboveground biomass, show significant differences in the overall root biomass. Rhizomes play a key role in economizing nutrients in miscanthus. The aim of this research was to establish the effect of N (nitrogen) on the distribution of biomass and concentration of major macro-and micronutrients in the miscanthus root system, using simple experiment in pots. After two years of growth, the rhizomes and roots were taken out of the pots, cleaned of earth and analyzed. About 2/3 of the mass of the miscanthus root system consist of rhizome mass. The overall dry biomass of newly formed rhizomes and roots is decreased with the increase in the amount of applied N fertilization. Thereby, the N concentration in the entire root system, as well as in some of its parts, increased with the rise in applied amount of N. Our results show that increasing amounts of applied N consistently negatively correlate with P concentrations in the miscanthus root system, in contrast to Mn concentrations, with which they correlate positively.
INtRoductIoN
Among the environmental factors that can be modified by farmers, water and N are essential for controlling plant growth (Gonzalez-Dugo et al., 2010) by judicious irrigation and fertilizer application. Sustainable agriculture requires a proper balance between agronomic, economic and ecological aspects of nutrient management. Perennial bioenergetic grass crops, despite a relatively similar production of aboveground biomass, show significant differences in the overall root biomass, root shape and water absorption (Monti and Zatta, 2009 ). Miscanthus (Miscanthus × giganteus Greef et Deu.) is a non-invasive perennial crop originating from eastern Asia. It can be cultivated for 15-20 years in continuity for biomass production. It is a C 4 grass with high efficiency of utilization of radiation and water. The primary economic importance of miscanthus is for energy production. Namely, this species is a potential "energy" crop that can serve as a biofuel (Dohleman et., 2012; Mishra et al., 2013) . Due to efficient biomass production and very good combustion, miscanthus should make a significant contribution to sustainable agricultural production of combustible biomass in the near future (Mishra et al., 2013) .
Rhizomes play a key role in economizing with nutrients in miscanthus. Contrary to the majority of agricultural crops, miscanthus is a plant with an extensive root system, which remains dormant during winter, but can respond rapidly to the increased needs of the plant in assimilates, at the beginning of growth in spring (Himken et al., 1997) . Miscanthus has a very shallow (surface) root shape, with almost 90% of the total root biomass concentrated in 0-35 cm of surface soils (Monti and Zatta, 2009 ). However, its roots extend to 2 m depth, so that it can take up soil moisture from considerably depth during drier summer months (Neukirchen et al., 1999) . This is more than the rooting depth of most annual crops. Crops that are rooted deeper, such as miscanthus, are more tolerant during periods of drought, due to access to soil layers with higher moisture contents (Chaves et al. 2002) . Thus, miscanthus is very productive in a wet environment, but it is very sensitive water deprivation (Monti and Zatta, 2009 ).
The phase of establishing the crop is 2-5 years to achieve the maximum yield of aboveground biomass. In the first season, miscanthus creates a loose root system, in the middle part of which there is an original rhizome. In the second season, a dense structure of small lateral roots is formed, as well as new rhizome "branches" from the original rhizome. In the third year of cultivation, under agro-ecological conditions of the wider area of Belgrade (Serbia, South-East Europe), Miscanthus reaches a maximum yield (Dželetović et al., 2014 , Stričević et al., 2014 . As plants age, greater rhizome masses are developed, so it is expected that they increase the amount of assimilates and nutrients translocated from the rhizome to the aboveground parts in spring and from the aboveground parts toward rhizomes in the autumn (Clifton-Brown and Lewandowski, 2002) . Analysis of belowground biomass dynamics suggests that while shoot production is at the expense of rhizome mass in the spring, this is recovered by late summer (Dohleman et., 2012) .
Both the roots and rhizomes of miscanthus are characterized by high lignin content (Amougou et al., 2011) . According to Neukirchen et al. (1999) , the concentrations of nutrients in the roots decrease with increased depth. In addition, a greater depth of rooting and higher density of miscanthus roots in the subsurface soil layer enable a potentially higher absorbtion of nutrients from that layer (Neukirchen et al., 1999) . This enables the miscanthus crop to overcome periods of low accessibility to nutrients and water, especially during the period of fast growth of the aboveground biomass. The density of miscanthus roots in the surface soil layer is lower than the density of roots of annual cultivated crops and it decreases with the increase of distance from the center of the plants (Neukirchen et al., 1999) .
Although roots usually contribute with only 10-20% to the overall plant mass, a well-developed root system is necessary for healthy plant growth and development. The plant root growth is genetically controlled, but it is also influenced by environmental factors, and mineral nutrients represent a significant factor influencing the growth of plant roots (fageria and Moreira, 2011). According to Godin et al. (2013) , the biomass compositions are essential to investigate their suitability for bioenergy conversion. The sustainability of the system for the production of energy from the biomass also depends on how the fertilization rates affect the concentration and amount of nutrients in the harvested biomass (Propheter and Staggenborg, 2010) . Selection of the N fertilizer rates is one of the most important features in managing N fertilizer.
A well-developed root system is needed to absorb adequate amounts of water and nutrients, especially when plants are under abiotic or biotic stress (fageria and Moreira, 2011). Because roots are semi-hidden organs, which are hardly separated from the soil, it is difficult to evaluate the effect of certain biotic and abiotic factors on root growth in field conditions (Sainju et al., 2005) . The aim of this research was to establish the effect of N on the distribution of biomass and concentration of major macro-and micronutrients in the miscanthus root system by a simple experiment in pots. matERIals aNd mEthods soil on which the experiment was performed and experimental workflow for the experiment in pots, the surface layer (0-20 cm deep) was utilized, namely, on soil of carbonate chernozem type (fAO soil classification), at the location INEP-Zemun (44°51´N, 20°22´E). Vital miscanthus rhizomes were utilized for the experiment (imported from Austria). The rhizome length was 7.5-15.0 cm, with 2-5 nodes. The experiment in pots was set in three repetitions, on an open and sunny area, at the INEP-Zemun location. Nine plastic pots (three pots at a time for three experimental treatments) were used for the experiment. Each pot had a volume of 12 L. for the vegetative experiment, naturally wet earth was manually fragmented, and then 10 kg of earth was placed in each pot. In the middle part of each pot, at 7-10 cm depth, one rhizome was planted.
for the experiment, laboratory chemicals were used (р.а). These include urea (NН 2 ) 2 CО, KН 2 РО 4 and K 2 ЅО 4 . The experimental treatments were performed by introducing increasing amounts of N component in mineral nutrients in pots: N 1 PK, N 2 PK and N 3 PK. In the N 1 PK treatment, the following amounts of nutrients were introduced: 0.325 g N + 0.325 g Р 2 О 5 + 0.325 g K 2 О; so that the ratio between the nutrients was N:Р 2 О 5 :K 2 О=1:1:1. In the N 2 PK, treatment a double amount of N nutrients (0.650 g N) was introduced into the pots, and in the N 3 PK treatment a triple amount of N nutrients (0.975 g N) was introduced, while the quantities of Р 2 О 5 and K 2 О remained the same (0.325 g Р 2 О 5 + 0.325 g K 2 О); the ratios between nutrients were 2:1:1 (N 2 PK) and 3:1:1 (N 3 PK). Nutrients were introduced in the form of solutions. In the second season of growth, nutrients were not introduced, so that the plants utilized nutrients from the previous season for their development.
The moisture of earth in the experimental pots was maintained at an approximate value of 0.6-0.8 of the maximum water capacity. In addition to rainfall, the required level of moisture in the pots was provided by watering from the urban water supply system, according to need, mainly during the summer months. During the winter months, the excess water from pots was not removed, i.e., plants were exposed to excessive wetting and freezing, approximately identical to conditions existing in the field. The experiment in pots ended after almost 2 years.
analytical methods
The rhizome mass was determined from samples collected at the end of the experiment. Rhizomes and roots were taken from the pots after careful rinsing with water for several hours to obtain a relatively clean sample, without earth granules. The rhizomes and roots were then separated and dried for 7 days in a drying chamber at 60°C. The mass of dried samples of plant material (rhizomes and small roots) was weighed, then ground and kept in small separate paper bags until the time of analyzing.
The concentration of N in the plant material was determined by Kjeldahl's method (Bremner, 1996) . The sample of plant material was decomposed by heating with concentrated sulfuric acid in the presence of catalyst (30% Н 2 О 2 ). The obtained solution was then quantitatively transferred to distillation flasks, treated with 40% NaOH solution and subjected to vapor distillation. N concentration was calculated after distillate titration.
The concentrations of macro-(P, K, Ca and Mg) and micronutrients (Cu, fe, Mn and Zn) in the samples of plant material was determined according to procedure described by Jones and Case (1990) , by decomposition with HNO 3 at 125°C, with the addition of 30% Н 2 О 2 , for decoloring the solution. P was analyzed spectrophotometrically (ultro Spec 2000; Pharmacia Biotech, uK). The concentrations of K, Ca, Mg and microelements were determined by atomic absorption spectrophotometry .
statistical methods
The data shown in the tables are the arithmetical means of three repetitions of each treatment, with the standard deviation (SD). Dependent variables were analyzed for a significant response to fertilizer treatment using correlation analysis.
REsults
The largest part of miscanthus root system biomass, after the second season of growing, consisted of rhizome mass, 66.5-68.4% (Table 1) . The old original rhizome was partly dried and a part of the original rhizome was therefore transformed and included in the newly formed rhizomes. The original rhizome differed from the newly formed rhizomes by its darker color and visual appearance, which was light brown. According to the data shown in Table 1 , the overall biomass of the miscanthus root system decreased with the increase in the quantity of applied N fertilization, from an average of 139.50 g to 83.06 g. This decrease in the overall biomass was reflected unevenly on the decrease of formed biomass of rhizomes and roots. A decrease in the overall biomass of the root system is intended primarily for reduction of the biomass of newly formed rhizomes, which was, on average, almost cut by half, i.e. from 85 g to 48 g. Thus, by applying increasing amounts of N component, the mass of roots and small roots decreased more slowly, so that their average percentage after the harvest, in the second season, was relatively increased from 31.6% to 33.5% (Table 1 ).
The obtained concentrations of more important nutrients in the analyzed miscanthus root tissues are given in Tables 2 and 3 . N concentrations in the roots and small roots after two years of growth were always higher than N concentrations in the rhizomes. The increasing amounts of applied N fertilization after two years of growth produced increasing N concentrations in the rhizomes that were planted (original rhizomes) and in the roots and small roots (Table 4 : very strong positive correlation r 2 = 0.940), but not in the newly formed rhizomes (r 1 = 0.378). Due to this, a lower N concentration was obtained in the entire root system in the N 3 PK treatment compared to the N 2 PK treatment in the final test result. Namely, the highest N concentrations (Table 2) in the whole root system were obtained in the N 2 PK treatment (6.626 mg g -1 d.m.), somewhat lower in the N 3 PK treatment (6.215 mg g -1 d.m.), and lowest in the N 1 PK treatment (4.764 mg g -1 d.m.).
Increasing treatments with N also demonstrated an uneven effect on the concentrations of Р, K, Cа and Mg in the miscanthus root system ( Table 2 ). The concentrations of P in the root system, newly formed rhizomes and roots of miscanthus decreased only in the treatment with the largest quantity of N (N 3 PK). Among the applied quantities of N fertilization and P concentrations in the whole miscanthus root system, as well as in some of its parts, we established the existence of a strong negative correlation (Table 4 ; r 1 = -0.894; r 2 = -0.857; r 3 = 0.915).
On the concentration of K in the miscanthus root system the increasing amounts of N fertilization did not show a clear effect. Namely, in the roots and newly formed rhizomes the K concentration ranged from 1.344 to 1.537 mg g -1 d.m. In the roots, the K concentrations were slightly higher than in the newly formed rhizomes, while they were lowest in the original rhizomes. The P/K ratio was reduced in the newly formed rhizomes (Table 2 ). K concentrations and N concentrations in the newly formed rhizomes showed a very strong positive correlation (r 1 = 0.984), which, nevertheless, we did not establish even in the small roots (r 2 = 0.185).
The Ca concentration in the rhizomes increases with the increase in the amounts of applied N ( .m. in the newly-formed rhizome in the treatment N 3 PK. The Ca concentration in the roots and small roots was higher than in the rhizomes, but the increasing amounts of N did not show a clear effect on it. Among the applied amounts of N fertilization and Ca concentrations in the newly formed rhizomes we established the existence of a very strong correlation (r 1 = 0.917), which was also strong on the level of the whole root system (r 3 = 0.811). Thereby, the correlation between Ca concentration and N concentrations (r 3 = 0.994) was also very strong on the level of the entire root system. The Mg concentrations in the roots and small roots were, on average, up to 2 times higher than those in the rhizomes (Table 2 ), but the increasing amounts of applied N did not show a clear effect on them. However, the ratio of Ca/Mg in the newly formed rhizomes, with the increase of applied amounts of N, expanded from 1.98 for the N 1 PK treatment to 2.11 for the N 2 PK treatment and to 2.43 for the N 3 PK treatment ( Table 2 ). In the miscanthus roots we established the existence of a very strong negative correlation between the Mg concentrations with applied amounts of N fertilization (r 2 = -0.964) and a very strong positive correlation with P concentrations (r 2 = 0.963). We also established the existence of a very strong correlation between the Mg and N concentrations in the entire miscanthus root system (r 3 = 0.957) and in the newly formed rhizomes (r 1 = 0.958), while in the roots and small roots, on the contrary, a strong negative correlation (r 3 = -0.815) was established. The Mg and Ca concentrations correlate in the newly formed rhizomes (r 1 = 0.887) and entire root system (r 3 = 0.919).
Higher Ca and Mg concentrations in the miscanthus root system, compared to the original planted rhizome, are evidently absorbed from the soil that is rich in these macronutrients (carbonate chernozem). In the entire root system, as well as in the newly formed rhizomes, the Ca concentrations are in correlation with the applied N ( Table 4 ). The Mg concentrations in the roots correlate negatively with applied N and positively with P concentrations (Table 4) . The assumption that roots and rhizomes of miscanthus react differently on the introduction of increasing amounts of N fertilization is based on the established correlations between the Mg and N concentrations, which is positive in the newly formed rhizomes (r 1 = 0.958), and negative in the roots (r 3 = -0.815). The Ca/Mg ratio in the newly formed rhizomes expanded with an increase in the applied N ( Table 2 ), so that the Mg and Ca concentrations correlate both in the newly formed rhizomes and on the level of the entire root system. Analysis of the average Mn concentrations in the newly formed rhizomes indicated that its concentration increases with the increase of applied N. Mn concentrations increased both in the rhizomes and roots with the increase in the amount of applied N from 86.2 mg kg -1 d.m. in the newly-formed rhizomes and 262 mg kg -1 in the roots and small roots in the N 1 PK treatment, to 153.4 and 352.3 mg kg -1 in the N 3 PK treatment (Table 3) . A very strong positive correlation was established between the Mn concentrations and applied amounts of N fertilization in the newly formed rhizomes (r 1 = 0.976) and in the whole miscanthus root system (r 3 = 0.997), and in the roots and small roots Mn concentrations showed a strong correlation (r 2 = 0.884). In the newly formed rhizomes and in the entire miscanthus root system, Mn concentrations also showed a strong correlation with P concentrations (r 1 = -0.970; r 3 = -0.879), Ca (r 1 = 0.808; r 3 = 0.856) and copper (r 1 = 0.762; r 3 = 0.772).
The increasing amounts of applied N fertilization, after two years of cultivation, did not show clear effects on the concentrations of Cu, fe and Zn in the miscanthus root system (Table  3) . Generally, the concentrations of Cu and fe in the small roots were higher than those in the newly formed rhizomes. In the newly formed rhizomes and in the whole miscanthus root system, the Cu, fe and Zn concentrations showed a mutually strong correlation, as well as a strong correlation with the concentrations of N, Ca and Mg (Table 4 ). In addition, K concentrations in the newly formed rhizomes and small roots showed a very strong correlation with fe concentrations (r 1 = 0.927; r 2 = 0.925) and Zn (r 1 = 0.957; r 2 = 0.986) in these organs.
In relation to original rhizome, the root system was characterized by an altered chemical composition ( Table 2 ). The rhizomes, developed on chernozem, were characterized by considerably higher concentrations of Ca (Table 2) , fe and Mn (Table 3) , while the concentrations of other analyzed elements (P, K, Cu and Zn) were lower.
The concentrations of micronutrients in the miscanthus root system have not been studied in detail to date. In relation to the original rhizome, after 2 years of cultivation on chernozem lower Cu and Zn concentrations were obtained, and higher fe and Mn concentrations in the miscanthus root system (Table 3 ). The established positive correlations between the applied amounts of N and Mn concentrations in the entire miscanthus root system and in some of its parts (Table 4) clearly indicate the existence of influence. We did not establish the effect of the increasing amounts of applied N on Cu, fe and Zn concentrations. However, the Cu, fe and Zn concentrations in the miscanthus root system were in mutual correlation, and they also correlated with N, Ca and Mg concentrations (Table 4 ).
The total content of some elements in the whole root system (Table 5) , calculated on the basis of the dry mass of some parts of the root system (Table 1 ) and the concentrations of analyzed elements in them (Tables 2 and 3) , give completely different numerical and correlation indicators. Namely, with the increasing amounts of applied N fertilization the total content of P, K, Ca, Mg and Mn in the entire miscanthus root system decreased, while the total content of N, Cu, fe and Zn did not show a clear effect. The applied quantity of N fertilization showed a linear negative correlation with total P content in the miscanthus root (r 4 = -1.000), while it had a very strong negative correlation with K contents (r 4 = -0.996), Ca (r 4 = -0.969), Mg (r 4 = -0.998) and Mn (r 4 = -0.996). A very strong positive correlation exists between the overall Ca contents in the miscanthus root with the total N, P, K, Mg and Mn contents. The total K content showed a linear positive correlation with the total Mn content in the miscanthus root and had a very strong correlation with the total P content (r 4 = 0.995) and Mg (r 4 = 0.989).
Due to a decrease in the overall biomass of the root system with increasing amounts of applied N fertilization (Table 1) , the total content of P, K, Ca, Mg and Mn in the entire miscanthus root system decreased (Table 5) , although, for example, the levels of Ca and Mn concentrations in some parts of the root system increased, the concentrations of P, K and Mg remained at the same level.
dIscussIoN distribution of the root system biomass
Root growth is under multi-or polygenic control and is influenced by environmental factors, including soil temperature, soil moisture content, solar radiation and the physical, chemical, and biological properties of soil (fageria and Moreira, 2011). One of the most efficient ways of improving the efficiency of N utilization in agricultural crop production is the good provision of N. The response of root growth to chemical fertilization is similar to the response of growth of the aboveground part, although the magnitude of the response differs (fageria and Moreira, 2011). However, according to Kering et al. (2012) , in perennial grasses the yield of dry matter of the biomass does not show a strong intercorrelation with N fertilizer rates. It is known that perennial plant species, such as those identified as bioenergy raw materials, form a larger quantity of biomass under the soil (Neukirchen et al., 1999; Dohleman et al., 2012) . Thereby, grass root mass is under little influence of N application compared with treatment without N application; application of other nutrients with N increases the dry matter of the root mass (Malhi et al., 2010) . for this reason, the setting of our experiment was conceived in such a way to monitor the effect of increased application of N with the application of P and K (K).
In miscanthus, the growth rates depend on environmental conditions, such as (Miguez et al., 2008) : type of soil, rainfall and temperatures, as well as on crop management practice, such as harvest time, planting density and the application of N fertilizers. The dry biomass yield per unit area is the main factor that controls the total amount of chemical components, digestible organic matter, bioethanol and thermal energy that can be expected to be harvested per unit area (Godin et al., 2013) . There are conflicting opinions about the need to fertilize miscanthus. Numerous studies demonstrate that the M. × giganteus response to N fertilization is poor. High N utilization efficiency in miscanthus results in a biomass with low N concentration, which is very desirable for combustion with the aim of minimizing potential pollution (Miguez et al., 2008) . The rhizomes of perennial plants, as storage organs, are responsible for the mobilization of nutrients toward other parts of the plant at the beginning of the growth period. It has been established in the literature that the highest content of nutrients in miscanthus emerges at the end of summer. After that, nutrients are efficiently translocated toward the rhizomes and then remobilized during the extension of shoots in the next season (Himken et al., 1997; Smith and Slater, 2010) . A high efficiency of N utilization is mainly the result of the capability of miscanthus to recycle N (Christian et al., 2006) , to translocate N to the aboveground part in spring, and the rhizomes at the end of the growth season when plant senescence begins, as well as of C 4 photosynthesis. At the end of the growth season, nutrients are translocated to the rhizomes and recycled toward the soil in fallen leaves. Due to this separation, the nutrient content in the aboveground part is low.
The effect of different rates of N fertilizer on the production of miscanthus dry matter depends on the quantity of available N in the soil, climatic conditions and miscanthus development in the year of study. In our research, after a two-year period, the largest part of the mass of miscanthus root system consisted of rhizome mass, i.e. 66.5-68.4%, of which only ≤10.3% consisted of the old original rhizome (Table 1) . As a comparison, Hansen et al. (2004) , in 9-and 16-year-old miscanthus stands on loam sand near Hornum in Denmark (56°50´N, 09°26´E) , established that at the depth of 0-20 cm the rhizome mass was 10.9-12.6 t d.m. hа -1 , and big roots 3.2-3.7 t d.m. hа -1 . The percentage of rhizomes in the overall dry matter of the root system without small root mass, according to Hansen et al. (2004) , was approximately 77%. They did not notice rhizomes and big roots in the deeper soil layers.
Overall biomass of the miscanthus root system decreased with the increase in the amount of applied N fertilization. This indicates that the applied amounts of N were in excess in the N 2 PK and N 3 PK treatments. Himken et al. (1997) suggested that N fertilization has no significant effect on dry rhizome matter. In our experiment in pots, we established that the increasing amounts of applied N had an effect on the distribution of formed biomass of the root system. The specific N-stimulating influence on root biomass production in grasslands (Tomaškin et al., 2013 ) is apparently not expressed in miscanthus. We have found, with the increase in the quantities of applied N, that the percentage of the mass of roots and small roots after harvest, in the second season of miscanthus growing, increases, to the detriment of the rhizome mass (Table 1 ). In addition, the results obtained by Behnke et al. (2012) show that N fertilization of M. × giganteus mainly leads to the release of N 2 O, increases the fluxes of inorganic N (primarily NO 3 --N) through the soil profile and enhances the harvested N without significant increase in produced biomass. unlike most cultivated grass, the response of M. × giganteus to N fertilization is unlikely to be economically profitable (Arundale et al., 2014) . Our results confirm the modest demands of this plant for N and argue against increased application of N fertilization.
concentrations of nutrients in the miscanthus root system
Nitrogen nutrition of the aboveground organs of M. × giganteus depends on N reserves in the underground organs, but precise quantities are unknown (Strullu et al., 2011) . The exact needs of miscanthus in nutrients and mineral fertilizers are still under discussion (Cadoux et al., 2012) . Although there is no significant response in the yield of formed aboveground biomass on N fertilization rates in the first two years of growing M. × giganteus, the amount of N in the harvested biomass is considerably higher in the treatment with applied N fertilization (Behnke et al., 2012) . The data presented by Christian et al. (1997) indicate that 1-year-old miscanthus has low requirements for N fertilization. They established that only 38% N, applied in spring, was adopted by a 1-year-old crop, of which more than one half was established in the rhizomes. In a second study, Christian et al. (2006) established 55.4% of marked 15 N in 2-year-old plants. This research shows that M. × giganteus becomes more efficient with N fertilizer, when a crop is at least 2 or 3 years old, compared with 1-year-old crops. Smith and Slater (2010) showed that in a mature crop of miscanthus the date (time) of harvest has a substantial impact on N dynamics. In this way, postponed (delayed) harvest can reduce N concentrations in the harvested biomass, reducing the needs for N fertilizers (Heaton et al., 2009) .
N fertilization has no effect on crop yield in late harvest treatments, but spurs yield in early harvest treatments due to the lower N content in the underground biomass (Strullu et al., 2011) . N content in the aboveground part of the biomass is widely variable, mainly due to variable production levels and, to a lesser extent, variations in the concentrations (Cadoux et al., 2012) . The accumulation of N in the aboveground biomass showed that it depends primarily on the initial reserves of N in the underground biomass, and secondarily, on N absorption by the whole crop (Strullu et al., 2011) . This high effectiveness of N utilization results in aboveground biomass with low N concentration, which is preferable for direct combustion with the view of minimizing pollution (Miguez et al., 2008) . It is estimated that from aboveground parts, 21-46% N, 36-50% P, 14-30% K and 27% magnesium are translocated to the rhizomes (Himken et al., 1997) . In the spring, these reserves are also mobilized due to the return to new aboveground parts, making miscanthus partly independent of actual supply of N to the soil (Christian et al., 1997) . The effectiveness of N utilization decreases with the increase of N fertilization rates (Lewandowski and Schmidt, 2006) . The response of M. × giganteus to N fertilization is limited, although it varies between sites (Smith and Slater, 2010) . Cosentino et al. (2007) did not establish more significant differences in N content in the miscanthus biomass between treatments that received nutrients through fertilization (60 and 120 kg N hа -1 ). In providing 100 kg hа -1 per year, according to Lewandowski and Schmidt (2006) , the effectiveness of N utilization for miscanthus is 0.35 Mg of dry biomass kg -1 N. Miscanthus can satisfy its needs in N through recycling, atmospheric precipitation and mineralization, without the need for constant introducing of additional N through fertilizers (Riche et al. 2010) . from the total amount of N being lost from the aboveground part of crop until the final harvest at the end of winter, half is N translocated to the rhizomes, and half for N in fallen leaves. Neukirchen et al. (1999) state that N content in the root ranges from 0.7-1.4%. According to Himken et al. (1997) , N concentration in rhizomes remains rather stable during the year and it is not affected by N fertilization. By N application, according to Schwarz et al. (1994) , its content in a crop increases almost linearly, though different quantities of N fertilizers do not show a clear effect on the yield. In our study, N concentration in the whole root system correlate with the increase in applied amount of N. Thereby, in the roots and small roots we have obtained considerably higher N concentrations than in the rhizomes. On the contrary, Christian et al. (2006) obtained during harvest a higher N content in the rhizomes (1.7%), and lower in the roots (1.3%). According to Himken et al. (1997) , N application mainly tends to increase N concentration in the dry matter of rhizome. In the absence of N application in the second season of growing, we obtained considerably lower N concentrations in the miscanthus root relative to usual concentrations (Table 2 ).
In the research conducted by Neukirchen et al. (1999) , in the miscanthus root system concentrations of N (0.7-1.4%) and K (0.6-1.2%) are considerably higher than concentrations of P (0.06-0.17%). Our results comply with this observation, although we have obtained, due to absence of nutrient introduction in the second season of growing, considerably lower values of N, P and K concentrations. In our study of P concentration in the entire root system, as well as in some of its parts they consistently negatively correlate with the increase in applied N. On the other hand, the increasing amounts of N do not show a clear effect on K concentrations. Only in the newly formed rhizomes do the K concentrations correlate with N concentrations. According to Himken et al. (1997) , the concentrations of P, K and Mg in the rhizomes, like N concentrations, remain rather stable during the year and they are not affected by N fertilization. In our study, the rhizomes and roots reacted differently to absorption and accumulation of specific macro-and micronutrients with increasing amounts of applied N fertilization. The established correlations among the concentrations of some elements in miscanthus roots and rhizomes can mutually and considerably differ. We assume that this is the result of the different reactions of the roots and rhizomes to.
The applied amount of N shows a linear negative correlation with the total P content in the miscanthus root, while it has a very strong negative correlation with K, Ca, Mg and Mn contents. On the other hand, the overall K content shows a linear positive correlation with the total Mn con-tent in the miscanthus root; therefore, the total content of N, Cu, fe and Zn did not show a clear influence.
coNclusIoNs
After two years of growth, the overall biomass of the miscanthus root system decreases with the increase in the amount of applied N fertilization. Most of the mass of the miscanthus root system consists of the rhizome mass (66-69%). With the increase in the amounts of applied N, the percentage of the mass of the roots and small roots of miscanthus increases linearly, to the detriment of the rhizome mass. The concentration of N in the root system increases with the increase in applied N, its concentration in the roots being higher than in the rhizomes. Our results show that increasing amounts of applied N negatively correlate with P concentrations in the miscanthus root system, contrary to the concentration of Mn with which they correlate positively. 
